A method for sensitively monitoring enzyme kinetics and activities by using dual-color f luorescence crosscorrelation spectroscopy is described. This universal method enables the development of highly sensitive and precise assays for real-time kinetic analyses of any catalyzed cleavage or addition reaction, where a chemical linkage is formed or cleaved through an enzyme's action between two f luorophores that can be discriminated spectrally. In this work, a homogeneous assay with restriction endonuclease EcoRI and a 66-bp double-stranded DNA containing the GAATTC recognition site and f luorophores at each 5 end is described. The enzyme activity can be quantified down to the low picomolar range (>1.6 pM) where the rate constants are linearly dependent on the enzyme concentrations over two orders of magnitude. Furthermore, the reactions were monitored online at various initial substrate concentrations in the nanomolar range, and the reaction rates were clearly represented by the Michaelis-Menten equation with a K M of 14 ؎ 1 nM and a k cat of 4.6 ؎ 0.2 min ؊1 . In addition to kinetic studies and activity determinations, it is proposed that enzyme assays based on the dual-color f luorescence cross-correlation spectroscopy will be very useful for high-throughput screening and evolutionary biotechnology.
Kinetic studies on enzymes are among the most important tools for understanding biological interactions at the molecular level. In combination with new approaches in genetic engineering and structure determination, there have been major efforts in recent years to develop more sensitive and precise techniques for characterizing the kinetics of enzyme reactions. These techniques have made it possible to develop efficient assays for analyzing catalytic parameters such as turnover rates, substrate specificity, as well as regio-and stereospecificity; they constitute a major part of the biochemical and pharmaceutical research. Moreover, the alteration of catalytic properties, either by evolutionary biotechnology (1) (2) (3) (4) or by rational approaches, is of special interest for medical and industrial applications. The desired features are as follows: accelerated reaction rates; higher, relaxed, or even new substrate specificities; tolerance to nonnatural environments; and novel types of reactions. Modern rational design is the interplay between computer modeling and experimental testing of designed molecules by sensitive and quantitative assays. On the other hand, evolutionary approaches make use of rapid and highly sensitive screening assays to detect minute quantities of better adapted individuals among a large excess of alternatives. For all these purposes, fluorescence correlation spectroscopy (FCS) (5) (6) (7) (8) , with its ability to quantify molecular interactions at nanomolar and lower concentrations, has been proposed as an ideal tool (2) . Most contemporary applications of FCS that are performed in confocal microscope (9) are based on the analysis of the molecular dynamics and the reaction kinetics of fluorescently labeled biomolecules that undergo temporal changes in their diffusion properties (10) (11) (12) (13) (14) (15) (16) (17) . The dual-color cross-correlation method, as proposed by Rigler and Eigen (2, 18) , circumvents the necessity of evaluating the diffusion characteristics of the product fractions; therefore, simple mathematical evaluation (18, 19) and much shorter readout times for screening applications can be achieved as shown in the subsequent article (20) . The instrumentation setup allows one to sensitively detect molecules that bear two different fluorescent labels. This can be achieved by a proper combination of excitation and detection schemes utilizing two fluorescent labels that are spectrally well separated. The experiment is designed in such a way that the reaction step to be investigated converts doubly labeled educts in singly labeled products or vice versa. In this study we used the cleavage of a double-stranded DNA (dsDNA) molecule catalyzed by the restriction endonuclease EcoRI (21) to demonstrate the potential of dual-color fluorescence cross-correlation spectroscopy (dual-color FCS) for analyzing enzyme kinetics sensitively and reproducibly. The DNA molecule was labeled with a red and a green dye at opposite ends, and the catalyzed reaction was monitored on-line by using a dual-color fluorescence cross-correlation spectrometer. Due to enzymatic cleavage, the number of doubly labeled DNA substrate molecules contributing to the cross-correlation signal decreased continuously. The catalytic activity was detected accurately down to an enzyme concentration of about 1 pM. Digestion kinetics were properly described by the Michaelis-Menten equation, demonstrating the high suitability of this method.
MATERIALS AND METHODS

Materials.
Restriction endonuclease EcoRI (EC 3.1.21.4) was purchased from Stratagene, with an activity of 25 units͞l (one unit is defined as the amount required to completely digest 1.0 g of DNA in 1 h at 37°C) in a storage buffer containing 300 mM NaCl, 5 mM Tris-acetate (pH 7.4), 0.1 mM EDTA, 5 mM ␤-mercaptoethanol, 0.15% Triton X-100, 200 g͞ml BSA, and 50% glycerol. Identity, purity, and concentration of the enzyme were proven by SDS͞PAGE and HPLC (data not shown). The enzyme concentrations below are given in terms of the 62-kDa dimer. The two complementary 66-nt DNA oligonucleotides (Fig. 1) were custom-synthesized and HPLC purified by MWG-Biotech (Ebersberg, Germany), both unmodified and labeled at their 5Ј ends with fluorescence dyes Cy5 (Amersham) and Rhodamine Green (Molecular Probes), respectively. Oligonucleotide concentrations were determined by UV absorption at 260 nm ( ϭ 8.0 ϫ 10
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concentrations of Rhodamine Green at 510 nm ( ϭ 7.9 ϫ 10 4 M Ϫ1 ⅐cm
Ϫ1
) and of Cy5 at 650 nm ( ϭ 2.5 ϫ 10
). Complementary strands were annealed at 450 nM in a buffer containing 100 mM KOAc, 25 mM Tris-acetate (pH 7.6), 10 mM MgOAc, 0.5 mM ␤-mercaptoethanol, and 10 g͞ml BSA, by heating at 95°C for 2 min, gradually cooling down to 23°C with a slope of 1.2°C͞min, and keeping this temperature for 10 min.
Endonucleolytic Assay and FCS Setup. Reactions were carried out in a 40 l volume in coverglass chambers (Nunc), by using a reaction buffer containing 150 mM KOAc, 37.5 mM Tris-acetate (pH 7.6), 15 mM MgOAc, 0.75 mM ␤-mercaptoethanol, 515 g͞ml BSA, 0.05% Triton X-100, 0.5% glycerol, and different amounts of DNA substrates. Enzyme solutions were diluted in the reaction buffer and added immediately before analysis. Reference samples contained all components except the enzyme. The on-line auto-and cross-correlation measurements of all reactions were made by using a crosscorrelation FCS spectrometer of which a prototype was developed in our laboratory (19) and which was commercialized by C. Zeiss (Dual-color ConfoCor; Zeiss). Samples were excited in the focal measurement volume element illuminated by two laser beams at 488 nm and 633 nm with a total power of 38 kW͞cm 
where ͗F i (t)͘ and ͗F j (t)͘ are the time-averaged fluorescence signals of two fluorescent species i and j; ␦F i and ␦F j denote their fluctuations at times t and t ϩ . The single-color auto-correlation case is given by Eq. 1 when i ϭ j, whereas the dual-color cross-correlation case is given when i j. Consider two spectrally separated emission signals, a green (F g ) and a red fluorescence signal (F r ), emanating from a mixture of green (g), red (r), and green-red (gr) fluorescent molecules with concentrations C g , C r , and C gr , respectively. The green auto-correlation function G gg () is derived from Eq. 1 when
Cross-correlation between different emission channels G gr () is derived from Eq. 1 when F i ϭ F g and F j ϭ F r ; it requires red and green fluctuations to arise within a certain sampling time interval which occurs significantly often only when doubly labeled molecules C gr enter the detection volume. Auto-and cross-correlation functions of signals from freely diffusing fluorophores in ideally calibrated systems that are equally illuminated by two excitation lasers read (18):
where
denotes the temporal decay of either correlation function caused by the molecular diffusion of species i with a diffusion time of d,i . Structural parameters r 0 and z 0 are determined by the experimental geometry (10) and V eff is the effective measurement volume. Comparing the expressions for autoand cross-correlation functions in Eqs. 2a-c, two important differences are obvious (16, 18, 19) : (i) the cross-correlation function contains only dynamic information about the doubly labeled species (Diff gr ); and (ii) the amplitude (time zero value) of the auto-correlation function, G(0), is inversely proportional to the total concentration of detected fluorophores, whereas the amplitude of the cross-correlation function is directly proportional to the concentration of the doubly labeled species (the denominator containing the fluorescence signals of both emission channels is usually constant during a measurement). By contemporary analysis of cross-as well as of autocorrelation functions of the system, the number of doubly labeled species can easily be determined at any time from the time zero values as given above. Whatever the reaction either produces or consumes doubly labeled species, absolute product concentrations can be extracted from this expression by calibrating the measurement volume. For ϭ 0 in Eqs. 2a and 2b, the denominator of Eq. 2c can be expressed by the single-color auto-correlation amplitudes G gg (0) and G rr (0), what yields:
[4] The concentration of molecules bearing both labels, C gr , is thus given by the fraction of cross-correlation and auto-correlation amplitudes:
[5]
Cross-Correlation Data Analysis and Evaluation. The experimental cross-correlation curves were fitted with a Marquardt nonlinear least-squares regression routine implemented in the ACCESS 
) by using the relation-
, which results in an effective detection volume of 0.44 fl. The diffusion time of doubly labeled dsDNA d,DNA was measured in a reference sample without enzyme. Parameters z 0 ͞r 0 and d,DNA were fixed during the analysis of the cross-correlation curves. Concentrations were calculated from the amplitudes obtained from a contemporary crosscorrelation and auto-correlation analysis of the reaction samples by using Eq. 5; the value at t ϱ , which was obtained from a measurement with excess enzyme and which is probably caused by an unspecific detector crosstalk (18) , was subtracted as an offset; the resulting values were normalized to the initial substrate concentrations.
RESULTS AND DISCUSSION
A dsDNA substrate containing the GAATTC EcoRI recognition site was employed as a substrate for endonuclease kinetic studies by using dual-color FCS analysis. dsDNA molecules were formed by annealing two synthetic, 66-nt complementary oligonucleotides, which were labeled at their 5Ј ends with Cy5 and Rhodamine Green. This pair of fluorescent dyes has been shown previously to be suitable for dual-color cross-correlation experiments (19) .
Real-Time Measurements of Endonucleolytic Cleavage. Cleavage of the double-stranded substrate by EcoRI breaks the chemical linkage between the two different fluorophores resulting in loss of the cross-correlation signal. The time course of this enzyme reaction was monitored in solution by dualcolor FCS (Fig. 3) . The fluorescence signals were measured continuously, and the cross-correlation analysis was carried out at a rate of one per minute. During the cleavage reaction, the amplitude of the cross-correlation curves corresponding to the concentration of the doubly labeled DNA substrate decreased successively; the second important parameter-the average diffusion time of cross-correlating entities-remained constant, indicating a highly specific detection of the doubly labeled DNA substrate by this method. FCS measurements usually require pico-to nanomolar concentrations of fluorescent molecules for optimal correlation analysis. Here, a kinetic analysis with broader ranges of substrate concentrations was achieved by adding unlabeled substrate to the reaction sample. Cleavage kinetics with different ratios of labeled to unlabeled substrate ranging from 0.05 to 0.5 were obtained by plotting the evaluated substrate concentrations versus time (Fig. 4) . These measurements revealed identical kinetics, providing evidence that the fluorophores attached at the ends of the DNA molecule did not interfere with the enzyme's catalytic action ( Fig. 4 Inset) ; therefore, the labeled substrate served as a one-to-one indicator.
Enzyme Kinetics. The class II restriction endonuclease EcoRI catalyzes the cleavage of the phosphodiester bond between the guanosine and the adenosine monomer in each of both strands of the palindromic recognition sequence GAATTC (21) . Different mechanisms have been proposed for the action of class II restriction endonucleases: either the reactions can occur simultaneously on each strand, or the two reactions occur sequentially, with or without the release of an intermediate. Several mechanistic studies have revealed that EcoRI usually cuts both strands sequentially without releasing an intermediate, and that the dissociation of the final product is the rate-limiting step (23, 24) , although altered reaction kinetics have been observed that depend on the substrate characteristics as well as on the assay conditions (24-29). The method described in this study detects cleavage reactions by observing the separation of two different fluorescent labels, resulting from scissions in both strands of a single molecule; consequently, the kinetics that is observed refers to an overall reaction rate. Cleavage reactions were monitored over a wide range of substrate concentrations (from 1 to 130 nM) by adding a defined amount of unlabeled substrate to a constant amount of labeled substrate, the latter serving as an indicator. From a linear regression of initial slopes at different substrate concentrations, it was confirmed that EcoRI catalysis obeys the Michaelis-Menten equation (Fig. 5) , as already shown by others (30) (31) (32) (33) . From an Eadie-Hofstee plot (Fig. 5 Inset) a K M of 14 Ϯ 1 nM was derived. As pointed out by McLaughlin et al. (31) the K M value of EcoRI depends sensitively on the size of the substrate. Although most studies cannot be compared due to varying detection methods and reaction conditions (temperature, ionic strength, etc.), plasmid substrates usually revealed K M values between 1 and 10 nM (25, (34) (35) (36) , whereas the K m was remarkably higher (80-230 nM, in one case up to 7 M) when short synthetic DNA oligomers were used (30, 31, 33, 37, 38) . Compared with these values, the K M obtained here is rather low, and this is most probably caused by the relatively large size of the substrate. Both, the K M as well as the k cat of 4.6 Ϯ 0.2 min
Ϫ1
, confirmed the suitability of dual-color FCS for measuring kinetics in the nanomolar range.
Quantification of Enzyme Activity. In addition to the kinetic analyses, the EcoRI cleavage reactions were carried out at various enzyme concentrations to demonstrate the ability of the cross-correlation analysis to quantify sensitively the enzyme activity (Fig. 6) . With an initial substrate concentration of 0.8 nM (below the K M ) a linear relation between initial reaction rates and enzyme concentrations was obtained over a concentration range of more than one order of magnitude (Fig.  6 Inset). Enzyme activity was detected down to 1.6 pM. There exist several methods for determining the activity of restriction endonucleases; most of them include sampling at different time points and analyzing the cleavage products by gel electrophoreses, chromatography, or affinity separation (33) . If linked to radioactive or enzymatic detection, these assays are very sensitive, down to the subnanomolar range, but they suffer from being discontinuous. Methods that monitor enzymatic restriction reactions in real time have been described, either on solid surfaces (39) or in solution, by applying a variety of detection methods, e.g., measurements of increases in absorbance at 254 nm caused by the hyperchromic effect (40) , of changes in the fluorescence of ethidium bromide on binding (35, 41) , of fluorescence quenching of fluorescein by DNA (42), or of fluorescence resonance energy transfer (FRET) between a donor and an acceptor dye (43) . Published data for these methods indicate sensitivities that are at least one order of magnitude below those presented in this work. The extremely low enzyme activities detected by dual-color FCS demonstrate the enormous sensitivity of this technique.
CONCLUSIONS
In this work, a highly sensitive and universal method for monitoring the kinetics of catalyzed cleavage or addition reactions in solution in real time is presented. The method applies the principle of dual-color FCS, which allows the discrimination of the fluctuating signals from single molecules with different fluorescence characteristics in a femtoliter volume element. There are several advantages: the assay is homogeneous, the assay conditions such as temperature and buffer compositions can be adjusted to meet specific requirements, and the assay volume may theoretically be scaled down to the focal volume of femtoliters to carry out minute enzyme assays either in single cells or in defined small volumes of solution. In this study enzyme kinetics were measured sensitively in the subnanomolar range, and enzyme activity was measured in the low picomolar range; both these limits are far below those provided by conventional homogeneous assays. A dsDNA molecule was used as the substrate; however, the assay can in principle be applied to any reaction where the chemical linkage between two fluorophore labels is formed or cleaved during an enzymatic action. In principle, there are no limitations in (i) the size of the substrate molecule or (ii) the distance between both fluorophores, as is required for fluorescence resonance energy transfer or for fluorescence quenching methods; therefore, this method is accessible to a much broader class of substrates. Furthermore, the substrate structure recognized by the active site of an enzyme can remain completely unchanged; therefore, the method displays the true enzymesubstrate molecular interactions, which is important for precise studies of enzyme mechanisms, as well as applications of such an assay in designing novel biomolecules. The method exhibits a large potential in fulfilling the requirements for an effective assay for high-throughput screening (HTS) in small volumes and with high sensitivity. By adjusting the assay time to the specific purpose (20) , sufficient accuracy for prescreenings in HTS, as well as high accuracy for the precise characterization of hits that must be further validated, can be achieved with the same technique. If only yes-or-no decisions about the presence of doubly labeled species are required, the sampling time for data acquisition for the analysis of crosscorrelation amplitudes can be significantly reduced as shown in the subsequent article (RAPID FCS) (20) . The evolutionary selection of biopolymers with respect to their catalytic function among a large population of variants requires the precise determination of features of the molecules which have been only slightly improved. Here, we demonstrate the potential of dual-color FCS analysis to fulfill these demands of evolutionary biotechnology. In conclusion, this new method can be applied as a generic principle to many different fields of catalytic investigations, such as diagnostics, analytical determinations, and screening applications with all kinds of catalytic biopolymers. In addition to kinetic studies and activity determinations, dual-color FCS will find useful applications in HTS and evolutionary biotechnology. Especially for the evolutionary creation and optimization of biomolecules, dual-color FCS has the potential of a universal and highly effective tool.
